One of the major obstacles in the treatment of hormone-refractory prostate cancer (HRPC) is the development of chemo-resistant tumors. The aim of this study is to evaluate the role of Palomid 529 (P529), a novel TORC1/TORC2 inhibitor, in association with docetaxel (DTX) and cisplatin (CP). This work utilizes a wide panel of prostatic cancer cell lines with or without basal activation of Akt as well as two in vivo models of aggressive HRPC. The blockade of Akt/mTOR activity was associated to reduced cell proliferation and induction of apoptosis. Comparison of IC50 values calculated for PTEN-positive and PTEN-negative cell lines as well as the PTEN transfection in PC3 cells or PTEN silencing in DU145 cells revealed that absence of PTEN was indicative for a better activity of the drug. In addition, P529 synergized with DTX and CP. The strongest synergism was achieved when prostate cancer (PCa) cells were sequentially exposed to CP or DTX followed by treatment with P529. Treatment with P529 before the exposure to chemotherapeutic drugs resulted in a moderate synergism, whereas intermediated values of combination index were found when drugs were administered simultaneously. In vivo treatment of a combination of P529 with DTX or CP increased the percentage of complete responses and reduced the number of mice with tumor progression. Our results provide a rationale for combinatorial treatment using conventional chemotherapy and a Akt/mTOR inhibitor as promising therapeutic approach for the treatment of HRPC, a disease largely resistant to conventional therapies.
Introduction
Prostate cancer (PCa) represents a global public health problem. Worldwide, it is the second most common non-cutaneous cancer in men, accounting for 10% of male cancers. In recent years, 5-year survival rates for PCa have been ranked third highest of all cancers (Desireddi et al. 2007 , Svatek et al. 2008 . Although chemotherapy historically has had limited utility in treating advanced PCa, the results from two recent randomized clinical trials indicated that docetaxel (DTX)-based chemotherapy improved survival in patients with hormone-refractory prostate cancer (HRPC; Patel et al. 2005 , Armstrong et al. 2007 . Some clinical studies supported taxane-based therapy as a promising platform to develop a new combinational schedule, which remains a high priority for many ongoing studies (Patel et al. 2005 , Armstrong et al. 2007 , Calabrò & Sternberg 2007 . In addition, a recent report shows that single-agent satraplatin improves progression-free survival (PFS) as second-line chemotherapy for patients with HRPC and provides further evidence that platinum salts may have a role in the treatment of this disease (Nakabayashi et al. 2008 . Nevertheless, improvement in the efficacy of chemotherapy is urgently needed for patients with chemo-resistant HRPC.
It is imperative not only to discover the molecular basis of resistance but also to find therapeutic agents that can disrupt the resistant pathways. An important role in drug and anti-hormone resistance is played by the phosphatidylinositol-3-kinase (PI3K)/Akt (protein kinase B (PKB)) signaling pathway. PI3K is a heterodimeric enzyme composed of a 110 kDa catalytic subunit and an 85 kDa regulatory subunit. PI3K catalyzes the production of PtdIns-3,4-P2 and PtdIns-3,4,5-P3 helping to recruit Akt (PKB) and PDK1 to the membrane. When activated, Akt transmits survival signals from growth factors and inactivates the apoptotic pathways. PTEN (phosphatase and tensin homolog deleted on chromosome 10)/mutated in multiple advanced cancers (MMAC) is a tumor suppressor gene. PTEN is lost or mutated in a large number of human cancers including PCa (Wu et al. 1998 , Trotman et al. 2003 , Wang et al 2003 , Ma et al. 2005 , Bertram et al. 2006 , Verhagen et al. 2006 . Deregulation of PI3K pathway is commonly observed in many human cancers. This deregulation can be caused either by loss of PTEN, or by constitutive activation of PI3K or its target Akt. Activation of PI3K/Akt may potentiate cell survival, cell migration, proliferation, and cytoskeletal rearrangement. In addition, PI3K pathway is implicated in upregulating vascular endothelial growth factor (VEGF; Shukla et al. 2005) . It has also been demonstrated that Akt activity correlates with PCa progression and poor clinical outcome (Graff et al. 2000 , Murillo et al. 2001 , Uzgare & Isaacs 2004 , Xu et al. 2006 , BanachPetrosky et al. 2007 , Bedolla et al. 2007 , Festuccia et al. 2007 , El Sheikh et al. 2008 , Festuccia et al. 2008 . Increasing evidence supports the concept that Akt inhibition can be crucial for Pca therapy.
The novel compound 8-(1-hydroxy-ethyl)-2-methoxy-3-(4-methoxy-benzyloxy)-benzo[c]chromen-6-one (Palomid 529 (P529)) has been recently shown to target Akt/mTOR pathways, exhibiting selective anti-proliferative activity for endothelial cells (Xue et al. 2008 , Xiang et al. 2011 and sensitizing Pca cells to radiotherapy (Diaz et al. 2009) . P529 is also able to dissociate the TORC1 and TORC2 complexes, resulting in the inhibition of mTOR activity. The mTOR protein is a cytosolic serine/threonine kinase serendipitously discovered in the 1990s when the mechanism of action of rapamycin was investigated. mTOR complexes with raptor (regulatory associated protein of mTOR) and rictor (rapamycin insensitive companion of mTOR) to form mTOR complex 1 (mTORC1) and mTORC2, respectively. mTORC1 is downstream to Akt and is susceptible to inhibition by rapamycin and its analogs, whereas mTORC2 is an upstream regulator of Akt, and the activity is upregulated in certain circumstances as a compensatory response to mTORC1 inhibition.
This work utilizes a wide panel of prostatic cancer cell lines with or without basal activation of Akt and two in vivo models of aggressive HRPC. HRPC is a disease with very complex and heterogeneous molecular traits. No commonly used cell line represents all aspects of HRPC. PC3 and DU145 cell lines have been extensively used in the past to study HRPC. These cells are insensitive to androgens, lacking androgen receptors (ARs). However, the majority of human HRPC have high levels of AR and the AR pathways are active even in the absence of androgens. It has been also demonstrated that the levels of AR are upmodulated from Akt (Ha et al. 2011) . Therefore, PCa cell lines can be useful to circumvent individual molecular rearrangements, typical of each cell line, and in most cases representative of the genetic diversity of human PCa. Here, we show that inhibition of the Akt pathway blocks the cell cycle progression in the G0/G1 phase of PCa cells and induces apoptosis in a time-and dose-dependent manner, and enhances the sensitivity to DTX and cisplatin both in vitro and in vivo. We conclude that the Akt pathway might play an important role in inducing resistance to chemotherapeutic drugs in PCa cells and targeting the Akt pathway might be a promising strategy for enhancing sensitivity to DTX and cisplatin mainly in HRPC.
Materials and methods

Reagents
All the materials for tissue culture were purchased from Hyclone (Cramlington, NE, USA). Plasticware was obtained from Nunc (Roskilde, Denmark). Antibodies were purchased from Santa Cruz (Santa Cruz, CA, USA) unless otherwise indicated. Akt/PKB kinase activity was performed using a non-radioactive assay kit, which was purchased from Stressgene Bioreagents (Victoria, BC, Canada). The antibody recognizing the 46 kDa (pro-form) and 35 kDa (cleaved form) of caspase-9 was purchased from Epitomics (Burlingame, CA, USA). SiRNA for PTEN was purchased from Santa Cruz. Caspase-3 activity was assessed using a commercially available kit (Trevigen, Gaithersburg, MD, USA).
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Cell lines
Two non-tumor prostate epithelial cell lines (BPH1 and EPN (Sinisi et al. 2002) ), 19 PCa cells lines (CWR22 (Tepper et al. 2002) , CWR22R-2152 (Tepper et al. 2002) , CWR22R-2272 (Tepper et al. 2002) , CWR22R-2274 (Tepper et al. 2002) , CWR22R-2524 (Tepper et al. 2002) , 22rv1 (Sramkoski et al. 1999) , LAPC-4 (Craft et al. 1999) , LnCaP, LnCaP-C81 (Igawa et al. 2002) , LnCaP-104S (Kokontis et al. 1998) , LnCaP-104R1 (Kokontis et al. 1998) , C4-2B (Lin et al. 2001) , DU145, PC3, VCaP (Chay et al. 2002) and DuCaP (Chay et al. 2002) , PTENtransfected PC3 (Zhao et al. 2004 ) and AR-transfected PC3 (Bonaccorsi et al. 2000) , and DU145 (Scaccianoce et al. 2003) cells were used (a complete characterization of these cell models is reviewed in Pienta et al. (2008) ).
Growth assays
Cells were seeded at a density of 2!10 4 cells/ml in 24-well plates. They were left to attach and grow in a 5% FCS DMEM for 24 h. The cells were then maintained in appropriate culture conditions. Morphological controls were performed every day with an inverted phase-contrast photomicroscope (Nikon Diaphot, Tokyo, Japan), before cell trypsinization and counting. Cells trypsinized and resuspended in 1.0 ml of saline were counted using the NucleoCounter NC-100 (automated cell counter systems, ChemoMetec, A/S, Allerød, Denmark). All experiments were conducted in triplicate. IC 50 values were calculated by the GraFit method (Erithacus Software Limited, Staines, UK), considering the slopes of inhibition curves obtained for each group of tests. The effect on cell proliferation was measured by calculating the mean cell number with respect to controls in the time for the different treatment groups.
Drugs and preparation
P529 (Paloma Pharmaceuticals, Jamaica Plain, MA, USA) was stored as a dimethylsulfoxide (DMSO)-dissolved powder at 4 8C and suspended in medium on the day of use. A stock solution of P529 was prepared as an aqueous micronized (particle size !1 m) formulation. This formulation is a semi-stable suspension of 14 mg/ml P529 requiring gentle vortexing to retain suspension. The micronized formulation contains 0.2% tyloxapol (non-ionic detergent) in Alcon balanced salt buffer. DTX and cisplatin (Sanofi-Aventis Pharmaceuticals, Inc., Bridgewater, NJ, USA) were obtained from the hospital pharmacy.
In vitro drug combination studies
The MTT cytotoxicity assay was used to examine cell survival after combinations of P529 and CP and DTX. Drug combination studies were based on concentration effect curves generated as a plot of the fraction of unaffected (surviving) cells versus drug concentration (Chou & Talalay 1984) . Serial dilutions of equipotent doses of the two agents in combination were tested. Synergism, additivity and antagonism were quantified by determining the combination index (CI) calculated by the Chou-Talalay equation, as described elsewhere (Bruzzese et al. 2006 , Di Gennaro et al. 2010 . Using the computer program CalcuSyn (Biosoft, Cambridge, UK), the CI for every combination was computed. A CI !0.9, CIZ0.9-1.2 and CIO1.2 indicated synergistic, additive, and antagonistic effect, respectively. Dose reduction index (DRI) represents the measure of how much the dose of each drug in a synergistic combination may be reduced at a given effect level compared with the doses of each drug alone (Chou & Talalay 1984) .
Preparation of cell lysates and western blot analysis
Following treatments, cells, grown in 90 mm diameter petri dishes, were washed with cold PBS and immediately lysed with 1 ml lysis buffer containing a proteinase and phosphatase inhibitor cocktail. Lysates were electrophoresed in a 7% SDS-PAGE, and separated proteins were transferred to nitrocellulose and probed with appropriate antibodies using the conditions recommended by the suppliers.
Cell cycle and apoptosis analysis
Adherent cells were trypsinized, pooled with the culture supernatant containing the apoptotic cells already detached from the dish and centrifuged. Cells (1!10 6 ) were washed in PBS and fixed for 30 min by the addition of 1 ml of 70% ethanol. After 30 min, the cells were pelleted by centrifugation (720 g; 5 min), and resuspended in 1 ml DNA staining solution (PBS containing 200 mg/ml RNase A, 20 mg/ml propidium iodide plus 0.1% Triton X-100) and stained by incubation at room temperature for 60 min. Apoptosis were analyzed also by using the annexin V staining (GenScript, Piscataway, NJ, USA). All cells were then measured on a FACScan flow cytometer (FACScan; Becton Dickinson, Mountain View, CA, USA) with an Argon laser at 488 nm for excitation and analyzed using Cell Quest Software (Becton Dickinson). Apoptotic cells were detected both by the quantifiable (Prewett et al. 2002) .
Protocol 1
Four groups of 10 mice each were used to determine the in vivo effect of different doses of P529 (50, 100, and 200 mg/kg) administered by oral gavage (5 days/week for 4 or 5 weeks). Control mice received same amount of vehicle alone.
Protocol 2
Six groups of 12 mice each were used to determine the effect of P529 (100 mg/kg) administered by oral gavage (5 days/week for 4 or 5 weeks) in combination with DTX (i.p. injection of 7.5 mg/kg per week) or cisplatin (30 mg/kg q21day).
The treatments were stopped when tumors in the control group reached the average volume of about 2500 mm 3 (maximal ethically acceptable volume). The effects of the treatments were examined as described previously (Prewett et al. 2002) .
Tumor growth delay (TGD) was determined as %TGDZ((T_C)/C)_100, where T and C are the mean times in days required to reach the same fixed tumor volume in the treated group and control group, respectively (Bruzzese et al. 2006) . In vivo drug combination studies were evaluated by CalcuSyn (Biosoft). For the calculation of CI, the values of cell kill for a fixed tumor volume were considered (determined by the log cell kill (LCK)). LCK was determined as LCKZ(TKC)/(3.3KT d ), where T d represents the mean control group doubling time required to reach a fixed tumor volume, expressed in days, whereas T and C are the same values as described above (Bruzzese et al. 2006) .
Manipulation of tumor tissue samples
Animals were killed by carbon dioxide treatment and the tumors were subsequently removed surgically. Half of the tumor was directly frozen in liquid nitrogen for protein analysis and the other half fixed in paraformaldehyde overnight for immunohistochemical analyses. Tumor sections were also processed and subjected to standard staining with a Masson trichromic staining kit (HD Supplies, Aylesbury, Buckinghamshire, UK). To identify infiltrating blood vessels (angiogenesis) and to evaluate the expression of proliferation marker (KI67), p-Akt, VEGF and tunnel (apoptosis), immunohistochemistry was carried out on 5 mm de-paraffinized sections using a specific blood vessel staining kit (CD31 or von Willebrand), Ki67, and by apoptotis staining kit (Trevigen). Negative controls were incubated only with universal negative control antibodies under identical conditions, processed, and mounted. Images of the stained blood vessels were taken using a Leitz photo microscope. Positive tumor microvessels were counted at !400 in five arbitrarily selected fields/ tumor and the data are presented as number of CD31 C microvessels/!100 microscopic field for each group.
Statistical analysis
Continuous variables were summarized as mean and S.D. or as median and 95% CI for the median. For continuous variables not normally distributed, statistical comparisons between control and treated groups were established by carrying out the Kruskal-Wallis tests. When Kruskal-Wallis tests revealed a statistical difference, pairwise comparisons were made by Dwass-Steel-Chritchlow-Fligner method and the probability of each presumed 'non-difference' was indicated. For continuous variables normally distributed, statistical comparisons between control and treated groups were established by carrying out the ANOVA test or by Student's t test for unpaired data (for two comparisons). When ANOVA test revealed a statistical difference, pairwise comparisons were made by Tukey's honestly significant difference (HSD) test and the probability of each presumed 'non-difference' was indicated. Dichotomous variables were summarized by absolute and/or relative frequencies. For dichotomous variables, statistical comparisons between control and treated groups were established by carrying out the exact Fisher's test. For multiple
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www.endocrinology-journals.org comparisons, the level of significance was corrected by multiplying the P value by the number of comparisons performed (n) according to Bonferroni correction. Time to progression (TTP) was analyzed by KaplanMeier curves and Gehan's generalized Wilcoxon test. When more than two survival curves were compared, the Logrank test for trend was used. This tests the probability that there is a trend in survival scores across the groups. All tests were two-sided and were determined by Monte Carlo significance. P values !0.05 were considered statistically significant. SPSS (statistical analysis software package, IBM Corp., Armonk, NY, USA) version 10.0 and StatDirect (version. 2.3.3., StatDirect Ltd, Altrincham, Manchester, UK) were used for statistical analysis and graphic presentation.
Results
In vitro experiments
Effect of P529 as single agent. Concentrationdependent and time-dependent effects of P529 on intracellular signaling and proliferation in PCa cell lines Cells exposed to increasing concentrations of P529 in vitro for different times were lysed and analyzed. P529 resulted in a dose-and time-dependent decrease in Akt activity in PC3, LnCaP, and 22rv1 cells as evidenced by a reduced phosphorylation of Akt (Ser 473 ). In , and p70S6k
Thr389
. Each western blot lane was loaded with 40 mg proteins and normalized versus actin. These experiments are representative of three individual experiments. (B) Anti-proliferative effects of P529. Dose-dependent experiments were performed at 24, 48, and 72 h in a non-cancer cell line (BPH1) and three neoplastic PTEN-negative (PC3, C4-2B and LnCaP) and PTEN-positive (DU145, LAPC-4, and 22rv1) PCa cell lines. Data presented in the graphs pictured in the panel D have been evaluated for statistical analysis by using ANOVA test for linear trend. P529 significantly reduced (P!0.001) the Akt activity in all PCa cell lines tested for this analysis. The assessment of IC 50 values has been performed using Grafit method. (C and D) Role of PTEN. PTEN stable tranfection performed in PC3 cells reduces IC 50 value for P529 (and thus increases the P529 effectiveness) compared with cells tranfected with empty vector. White columns represent data obtained from the analyses assessed at 24 h of treatment, whereas black columns represent data assessed after 48 h of treatment. We performed student's t test for unpaired data and we observed that the presence of PTEN reduced in a statistically significant (P!0.001) manner the efficacy of P529. Effects of PTEN siRNA (D) on IC 50 values for P529 and comparison of those observed after treatment with equimolar concentration of scramble siRNA. Treatment with siRNA or scramble RNA was performed using the experimental conditions suggested from the producers and was performed 24 h before the treatment with P529. These experiments are representative of three individual experiments. White columns represent data obtained from the analyses assessed at 24 h of treatment, whereas black columns represent data assessed after 48 h of treatment. We performed student's t test for unpaired data and we observed that treatment with PTEN siRNA increased significantly (P!0.001) the efficacy of P529 in PTEN-positive DU145 cell line.
Endocrine-Related Cancer (2011) 18 385-400 www.endocrinology-journals.org representation of the effects of 1.0 mM (which is able to reduce about 100% of Akt activity) P529 on TORC1/2 pathways observed in PC3 cell cultures is shown. P529 was able to inhibit TORC1/2 activity at a relatively low concentration as evidenced by the dephosphorylation of S6 Ser235/236 , 4E-BP Thr37/66 , Akt Ser473 , GSK3b Ser9 , Fox01a
Ser256 , MDM2 Ser166 , and p70S6k Thr389 . The levels of p-Akt (T308) and p-PDK1 (S241) were not modified, suggesting that P529 does not inhibit the phosphorylation of Akt-Thr308 and hence does not affect PDK1.
To assess the activity of P529 on tumor cell proliferation, PCa cell lines were exposed in vitro to increasing concentrations of the drug for different times and then analyzed by direct cell count of viable cells and MTS assay. Data were plotted as percent 
The comparison of IC 50 values calculated both in PTEN-positive (CWR22 and CWR22R cell derivatives, 22rv1, LAPC-4, VCaP, DuCaP, and Du145) and in PTEN-negative (PC3 and LnCaP with its cell derivatives) cell lines as well as those observed after PTEN transfection of PTEN-negative PC3 cells (Fig. 1C) or PTEN silencing in DU145 cells (Fig. 1D ) revealed that absence of PTEN was indicative for a better activity of P529.
The effect of this drug on the expression of proteins involved in the regulation of cell cycle was also evaluated. For these purpose, we used PC3 and 22rv1 cells as high-(PC3) and low-sensitive (22rv1) in vitro cell models. The molecular analyses were performed by western blot using P529 concentrations corresponding to the relative IC 20 values for proliferation parameter (1.0 and 10.0 mM respectively for PC3 and 22rv1) and different times of cultures. P529 markedly reduced the levels of cyclin D1 and B1 as well as of cdk4 and cdk6 ( Fig. 2A) and these effects were higher in PC3 when compared with those observed in 22rv1 cell line. These changes were accompanied by increased expression of p21 and p27. In addition, we demonstrated an activation of Erk and p38 MAPK activities with reduced p-JNK activity and modulation of proteins involved in the machinery of apoptosis. Also in this case, the extent of pro-apoptotic protein modulation was higher in PC3 when compared with those observed in 22rv1 cell line. P529 increased in a time-dependent manner the levels of Bcl-Xs and Bax and reduced the Bcl2 and Bcl-Xl expression mainly in PC3 cell line. The phosphorylation status of Bad was reduced by P529, whereas cytochrome c and p14 alternate reading frame (ARF) were increased. Next, we analyzed the percentage of cells that undergo apoptosis (Fig. 2C ) and caspase 3 activity (Fig. 2D) in Figure 2 (A and B) Western blot analysis performed on cell extracts harvested from PC3 (cell model of PTEN negative and high P529 responsive) and 22rv1 (cell model of PTEN positive and low P529 responsive) cell lines; single bands were quantified densitometrically and normalized versus actin. The values were expressed as adjusted arbitrary densitometric units (ADU). Timedependent experiments on the expression and phosphorylation status of cell cycle (cyclins and CdKs), MAPK pathway (Raf-1, Erk, and p38), and apoptosis (Bcl2, Bax, BclXl, BclXs, Bad, cytochrome c, and p14 alternate reading frame (ARF) proteins in cells treated with 1.0 (PC3) or 10.0 (22rv1) mM of drug. ANOVA test has been performed to determine the statistical significance of the molecular variations induced by P529. In the panel A, we calculated a P!0.005 for the variations of cyclin B1 and D1, cdk4, cdk6 and 16INKA, p21 and p27, raf-1, p-erk, p-p38MAPK, p-Jnk for PC3 cells, whereas the levels of cyclin A were not statistically modified. For 22rv1 cells, the differences were statistically significant for the levels of cyclin D1, cdk4, cdk6, p16INKA, p21, p27, raf-1, p-erk, and pp38MAPK, whereas the levels of cyclin A, cyclin B1, and p-JNK were not statistically modified. In the panel B, we calculated a P!0.005 for the all variations of pro-and anti-apoptotic protein modifications for PC3 cells. For 22rv1 cells, the differences were statistically significant for all proteins analyzed except for the levels of Bad. All together, these data suggest that the effects of P529 was higher in PC3 compared with 22rv1 cells in agreement with further analyses. (C) Percentage of cells that undergo apoptotic events evaluated by Annexin V-positive cells by FACS analyses in four PCa cell lines: PC3 and LnCaP (highly sensitive to P529) and 22rv1 and DU145 (less sensitive to P529) cell lines. Highly P529-sensitive cells were treated with 1.0 mM P529, whereas low P529-sensitive cells were treated with 10.0 mM of drug. Statistical analysis was performed using ANOVA test for linear trend followed by Tukey's test. P529 induced a significant increment (P!0.001) of apoptotic cell percentage in PC3, LnCaP, 22rv1, and DU145 PCa cell lines. (D) Caspase 3 activity performed in four PCa cell lines: PC3 and LnCaP (highly sensitive to P529) and 22rv1 and DU145 (less sensitive to P529) cell lines. Highly P529-sensitive cells were treated with 1.0 mM P529, whereas low P529-sensitive cells were treated with 10.0 mM of drug. Statistical analysis was performed using ANOVA test for linear trend followed by Tukey's test. P529 induced a significant increment (P!0.001) of caspase 3 activity in PC3, LnCaP, 22rv1, and DU145 PCa cell lines. Endocrine-Related Cancer (2011) 18 385-400 www.endocrinology-journals.org the same cells as well as in other two cell models, LnCaP (highly sensitive to P529) and DU145 (less sensitive to P529) cell lines using the drug concentrations of 1.0 mM (PC3 and LnCaP cell lines) and 10 mM (22rv1 and DU145 cell lines). P529 increased apoptosis ratio and caspase 3 activity in a timedependent manner and the effects were higher in PC3 and LnCaP compared with DU145 and 22rv1 cell lines.
In vitro effect of P529 in combination with DTX or cispaltin It has been previously demonstrated that Akt pathways is involved in the response to chemotherapeutic drugs through the induction of Akt activity. Figure 2E and F shows the time-dependent effects of cisplatin (1.0 mg/ml CP, panel E) and DTX (10 nM DTX, panel F) on Akt activity measured in cells treated with 1.0 and 10 mM P529. Pharmacological treatment with P529 reduced Akt activity in CP-and DTX-treated cells in a dose-dependent manner ( Fig. 2G and H) at 24 h of treatment with P529 performed after 48 h of treatment with the chemotherapeutical agent. P529 (1.0 mM) was also able to bring down the level of Akt activity to zero at 72 h of treatment ( Fig. 2I and J ) in PC3 cell model with respect to other treatments (P!0.001).
In vitro synergistic anti-tumor effects of P529 in combination with chemotherapeutic agents (cisplatin and DTX) We used P529 equipotent doses of P529 and CP or DTX administered with different modalities of treatment. We performed different combination treatments, including a sequential schedule with P529 (2 days) followed by DTX or CP (2 days), a second therapeutic approach with DTX or CP (2 days) followed by P529 (2 days) or a simultaneous combination DTX or CP plus P529 for 2 days. We verified the efficacy of these combination treatments in PC3 and 22rv1cell models. Our results demonstrated that P529 was additive/ synergistic with DTX and CP (Supplementary Table 1 , see section on supplementary data given at the end of this article). The strongest synergism was, however, achieved when PCa cells were sequentially exposed to CP or DTX followed by treatment with P529. Pre-treatment with P529 before the exposure to chemotherapeutic drugs resulted in a moderate synergism, closer to an additive effect expected for the combination with higher concentration of drug. Intermediate values of CI were found when drugs were administered simultaneously. In all combinations, we measured a dose reduction in the IC 50 values (DRI50) from 1.6-to 4.8-fold for DTX (1.6 to 2.8 in PC3 and 2.4 to 4.8 in 22rv1 cell lines) and from 1.3 to 4.7 for CP (1.4 to 4.7 in PC3 and 1.3 to 2.9 in 22rv1 cells) in combination with P529 compared with the concentrations of the two drugs alone. Further analysis of these data suggests that the combination P529 and DTX shows higher efficacy in 22rv1 cell line, whereas the combination P529 and CP shows higher efficacy in PC3 cells. These differential effects could be due to different effects of CP or DTX in the levels of Akt phosphorylation, as shown in Fig. 2 panels E and F .
Combination of P529 with chemotherapeutic drugs demonstrated a significant reduction of tumor cell viability as evidenced by a dose-dependent chemotherapeutic agent induction of 50% cell death. In particular, the concentration of chemotherapeutic agent able to induce 50% of cell death was reduced significantly. As PC3 cells are exposed simultaneously to 1.0 mM P529 and escalating doses of DTX, a significant reduction of cell viability ( Fig. 3A) with acquisition of aberrant phenotypic appearance (Fig. 3B) was observed, as shown in Fig. 3 . Measurement of apoptosis revealed an increasing percentage of apoptotic cells (Fig. 3C and D) in combination treatments compared with those observed in single treatments. Analysis of the activity of caspase 3 in drug combination treatments of PC3 and 22rv1 cell models is also shown (Fig. 3E and F) . Again, analysis suggests a preferred administration schedule for P529 and cisplatin being the sequence where cisplatin is given prior to P529 administration, whereas for the combination between DTX and P529, greater activity was observed when P529 was added prior to chemotherapeutic drugs (DTX).
In vivo experiments
Effects of P529 as monotherapeutic agent P529 was able to reduce tumor growth in a dosedependent manner both in PC3 and 22rv1 xenografts ( Fig. 4A and Supplementary Table 2, see section on supplementary data given at the end of this article) confirming the in vitro data. A 10, 47.6, and 59.3% reduction of tumor mass was demonstrated in mice bearing PC3 xenografts receiving 50, 100, and 200 mg/ kg P529 respectively and a 9, 38.7, and 51.5% reduction of tumor mass in mice bearing 22rv1 xenografts receiving 50, 100, and 200 mg/kg P529 respectively. The proliferation index was also reduced of 4, 34, and 72% in mice bearing PC3 xenografts receiving 50, 100, and 200 mg/kg P529 respectively and of 27, 56, and 60% in mice bearing 22rv1 xenografts receiving 50, 100, and 200 mg/kg P529
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www.endocrinology-journals.org respectively. Apoptosis was evident in about 8 and 15% of cells in mice bearing PC3 xenografts receiving 100 and 200 mg/kg P529 respectively and in about 8 and 15% of cells in mice bearing PC3 xenografts. In about 5 and 8% of cells in mice bearing 22rv1 xenografts receiving 100 and 200 mg/kg P529, respectively, P529 decreased, in a dose-dependent manner, CD31
C micro-vessels by 24, 41, and 56% in PC-3 receiving mice treated with 50, 100, and 200 mg/ kg P529 and by 15, 47, and 73% in 22rv1 receiving mice treated with 50, 100, and 200 mg/kg P529. In Fig. 4B , the microscopic effects of P529 in PC3 tumors are illustrated. In the left columns, Masson Trichrome staining shows large and numerous vessels (stained orange/red fibrin aggregates) in untreated sections. However, with P529 treatment, a marked reduction in the number, size, and stability of the blood vessel bed was observed. At 200 mg/kg P529 treatment, vessels seem to be disrupted with abundant red cells dispersed in the tissue. CD31-positive cells were significantly reduced as shown in the middle panels. VEGF-positive tumor cells were also strongly reduced, indicating a double effect of P529 in angiogenetic neo-vascularization -the first on endothelial cell viability and the second on growth factor support of endothelial cell proliferation.
In vivo synergistic anti-tumor effect of P529 in combination with cisplatin (CP) and DTX To determine in vivo the presence of the synergistic anti-tumor effects that were demonstrated in vitro, we evaluated P529 in combination with CP and DTX in Comparison of the effects of combination treatment modalities using 10 mg/ml CP (E) and 10 nM DTX (F) plus 1.0 mM P529 in PC3 and 22rv1 cell lines on apoptosis evaluated through the determination of caspase 3 activity. CP and DTX were administered before (combination S1), simultaneously (S2), or after (S3) P529 administration. This figure shows that the better administration schedules are S1 and S3. Statistical analysis was performed using ANOVA test for linear trend followed by Tukey's test. Comparison between the different treatment modalities was performed using the Student's t test at each time of treatment. Our analysis suggests a preferred administration schedule for P529 and cisplatin being the sequence where cisplatin is given prior to P529 administration, whereas for the combination between docetaxel and P529, greater activity was observed when P529 was administered prior to chemotherapeutic drugs (docetaxel).
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www.endocrinology-journals.org PC3 and 22rv1 cell xenograft experimental models in athymic nude mice by measuring tumor volume, TGD, CI, and TTP. A total of 144 xenografted mice inoculated with PC3 (72 animals) and 22rv1 (72 animals) were randomly assigned to receive therapeutic doses of P529 (100 mg/kg pos.), CP (5 mg/kg pos.), DTX (20 mg/kg i.p.), and combinations as described in Materials and methods. At day 25, which represents the median survival duration of mice in the control group, the combination treatments induced a significant inhibition in PC3 and 22rv1 tumors ( Fig. 5A-D ; Tables 1 and 2 ). The calculation of combination indices revealed that the combination involving DTX and P529 resulted to be synergistic both in PC3 (CIZ0.34) and 22rv1 (CIZ0.50) xenografts. The combination involving CP and P529 resulted in synergy for the 22rv1 (CIZ0.69) xenograft and additive for the PC3 (CIZ1.13) xenograft. Combined therapy significantly prolonged the TTP defined as the time necessary to have at least an increase of O50% of tumor volume (Fig. 5E and G for PC3 tumors and Fig. 5F and H for 22rv1 tumors). Furthermore, synergistic/additive effects between P529 and CP or DTX were also confirmed by the evaluation of CI reported versus LCK (see Materials and methods). As a consequence, in mice treated with CP, P529, or combined therapy, the number of tumors which are in progression (defined as the increment of tumor volume higher of 50%) was 12/12 (100%), 12/12 (100%), and 7/12 (58.3%) respectively in PC3 tumors ( Fig. 5E and G) , and 12/12 (100%), 0/12 (100%), and 8/12 (67%) respectively in 22rv1 tumors. In mice treated with DTX, P529, or with combined therapy, the number of tumors which are in progression was 12/12 (100%), 12/12 (100%), and 6/12 (50.0%) respectively in PC3 tumors (Fig. 5E and G) , and 12/12 (100%), 12/12 (100%), and 2/12 (16.7%) respectively with 22rv1 tumors (Fig. 5F and H) . Stable disease (4/12 (33%) was documented only after combined therapy in 22rv1 xenografts. In vivo dose-dependent experiments using PC3-and 22rv1-bearing male nude mice treated with 50, 100, and 200 mg/kg P529 administered by oral gavage 7 days after s.c. injection or when tumors arise about 80 mm 3 of size. Tumor volumes were measured weekly. PC3 xenografts arise critical volumes 20-25 days after cell inoculation, whereas these values were raised to 30-35 after 22rv1 cell injection. Experiments were performed using 10 animal for a group and were stopped at indicated times. Statistical analysis was performed using ANOVA test for linear trend followed by Tukey's test. P529 induced a significant dosedependent reduction (P!0.001) of tumor volume in the PC3 and 22rv1 xenografts. Microscopic appearance of PC3 tumors derived from mice treated or not with different doses of P529 (200! magnification). Masson Trichorme staining reveals fibrin (orange/red stain) deposit in enlarged vessels in controls tumors. Administration of P529 reduced fibrin deposit with increased deposition of collagen (Azur stain), increased necrotic zones with cells having picnotic nuclei and blood blending associated with accumulation of granulocytes. The CD31 immunostaining revealed a large amount of vessel in controls and in tumors treated with low dose of P529 (50 mg/kg per day). In the presence of 100 and 200 mg/kg P529, the numbers of CD31-positive endothelial cells, isolated or associated in evident vessels, were reduced as that with VEGF immunostaining supporting a role of PI3K/Akt activation in increased angiogenetic events in cancer.
Discussion and conclusions
One of the major obstacles in curing locally advanced and metastatic PCa is the development of resistance to therapy. Historically, chemotherapy has had limited utility in treating castration-resistant locally advanced and metastatic PCa. Nevertheless, DTX is the standard first-line chemotherapy for this disease (Patel et al. 2005 , Armstrong et al. 2007 , Nakabayashi et al. 2008 , Galsky & Vogelzang 2010 . The response to DTX is, however, partial and associated with increased resistance to apoptosis, thus indicating a clear need for new therapies in HRPC patients. Recent report shows that single-agent satraplatin or carboplatin improves PFS as second-line chemotherapy for patients with HRPC (Nakabayashi et al. 2008 , Reuter et al. 2010 . Repopulation during courses of chemotherapy is an important cause of drug resistance in patients. The resistance of tumor cells to anti-cancer agents remains a major cause of failure in the treatment of patients with cancer.
Our hypothesis is that short-acting agents that selectively inhibit the proliferation of tumor cells are likely to improve the effectiveness of chemotherapy. In the present study, we use P529 alone or in association with cisplatin or DTX in PCa cells.
P529 has been shown to dissociate both the TORC1 and TORC2 complexes ( ref. 1-3) . Dissociation of the complexes inhibits both TORC1 and TORC2 signaling, as shown by inhibition of the phosphorylation of S6 via TORC1, phosphorylation of Akt-Ser473 via TORC2, and phosphorylation of GSK3b via TORC2 (1-3). As P529 does not affect PDK1, the phosphorylation of Akt-Thr308 is not inhibited by P529 (1-3). As P529 does not inhibit the phosphorylation of AktThr308, and hence does not affect PDK1, there is no reason to assess either PDK1 or Akt-Thr308 phosphorylation. However, the binding partner of P529 is not known. Hence, although it is possible, it cannot be said that P529 directly interacts with the TORC complexes causing their dissociation. It is also possible Endocrine-Related Cancer (2011) 18 385-400 www.endocrinology-journals.org that P529 may inhibit a chaperone, which assembles the TORC complexes.
To assess the influence of P529 on the cancer growth potential, several PCa (see Materials and methods) and two normal prostate cell lines were treated with different concentrations of drug. P529 was able to effectively inhibit TORC1/2 activity, as evidenced by the dephosphorylation of S6 Ser235/236 , 4E-BP Thr37/66 , Akt Ser473 , GSK3b Ser9 , Fox01a Ser256 , MDM2 Ser166 , and p70S6k
Thr389 without any interference with PDK1 activity. The expression levels of p-PDK1 (S241) and p-Akt (T308) were not, indeed, modified by P529 treatment. In addition, treatment with P529 resulted in a concentration-dependent reduction in viable/proliferating tumor cells compared with non-neoplastic BPH1 and EPN cells. IC 50 values ranged from 5 to 28 mM. P529 showed less effective in PTEN-positive cells compared with PTEN-negative cells, and was similarly observed in transfected PC3 cells, having significant decreased Akt activity, compared with the effects evaluated in parental cells as well as the treatment with PTEN siRNA in DU145 cells with increased levels of Akt activity.
P529 markedly reduced the levels of cyclin D1 and B1 as well as cdk4 and cdk6. These changes were accompanied by increased expression of p21 and p27 and an accumulation of cells in G0/G1 followed to apoptosis associated with mitochondrial damage and activation of caspase 3.
Apoptosis was associated with the induction of pErk and p-p38MAPK and loss of p-JNK. This may seem paradoxical, as JNK is a key mediator of apoptosis in prostate cells. We rather believe that this is not the case since several reports indicate a differential involvement of ERK, p38 MAPK, and JNK in apoptosis and/or proliferation (Dondi et al. 2006 , Hao et al. 2007 , Li et al. 2007 , Cao et al. 2010 , Festuccia et al. 2010 , Reddivari et al. 2010 , Xiao et al. 2011 . We presume that it is rather the ratios between the activities of p38MAPK and JNK, Erk, and p38MAPK and Erk and JNK that may diversify tumor cell destiny after a pharmacologic treatment.
P529 was examined for modulation of Akt activity induced after treatment with low doses (non-toxic) of cisplatin and DTX. P529 was also evaluated in combination administration with DTX and CP. With in vitro testing, P529 showed additive/synergistic with DTX and CP, with the strongest synergism achieved when PCa cells were sequentially exposed to CP or DTX followed by treatment with P529 or when drugs were administered simultaneously. Treatment with P529 before exposure to chemotherapeutic drugs resulted in a moderate synergism, closer to an additive effect. The effects of combined treatment with cisplatin or DTX followed by a P529 administration resulted in higher in vitro effects both in PTEN-negative and in PTEN-positive PCa cells. These effects were maintained in vivo both in PTENpositive 22rv1 xenografts and PTEN-negative PC3 xenografts cultured in male nude mice. Administration of P529 to nude male mice receiving 22rv1 and PC3 cells xenografts results in a modest and hence insignificant reduction of animal weight. Dose-ranging toxicology studies in both rats and dogs with P529 showed no toxicities at doses above that given to mice in studies described here (toxicology studies carried out by Paloma Pharmaceuticals, personal communication). Significant reduction in weight of treated animals was found only when P529 was associated to DTX and CP and this seemed primarily to be due to the side effects of DTX as indicated to the loss of statistical significance in the comparisons between DTX effects and combinations with P529. Significant statistical difference was observed in the comparison with CP and CP plus P529 administration, suggesting a cumulative effect of two drugs. Nevertheless, the analyses of in vivo effects show that the combination of P529 with DTX or CP was synergistic both in PC3 and 22rv1 tumor models with increased percentage of complete and partial responses. Furthermore, the percentage of tumor that was in progression was sensitively reduced and the TTP significantly increased compared with those observed with single treatments. Taken together, our studies indicate that TORC1/2 downmodulation represents a useful therapeutic approach for enhancing chemosensitivity of PCa to DTX and cispaltin and provide a rationale for clinical trials on combination treatments with P529 in patients with advanced prostate tumors.
Translational relevance
HRPC is an advanced chemo-resistant disease wherein treatment options are mostly palliative. The overall effect of chemotherapy on a tumor depends on the amount of tumor cell kill achieved with each course and the extent of repopulation of surviving tumor cells between courses of chemotherapy. There is evidence that the proliferation of surviving tumor cells may increase after chemotherapy and that the rate of repopulation after sequential treatments with chemotherapy may accelerate with time. Activation of PI3K/Akt/mTOR pathways is often observed during PCa progression. Our studies provide pre-clinical evidence that the inhibition of this pathways is a very effective approach to treat HRPC. We targeted Akt/mTOR pathways by using an oral available TORC1/TORC2 inhibitor (P529) and showed that this agent shows synergistic effects with DTX and Table 2 Anti-tumor activity of P529 in 22rv1 tumors in combination with docetaxel (DTX) or cisplatin (CP). Proliferation index (PI) was measured considering the mean of Ki67-positive cell percentageGS.D. measured on five random fields at 100!. Apoptosis was measured as the percentage of tunnel-positive cellsGS.D. measured on five random fields (400!). Vessels were measured as the vessel number per field at 100! cisplatin. These results provide a rationale to a clinical development with conventional chemotherapy and inhibitors of the PI3K/Akt/mTOR pathway.
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